Dynamic transformations of iron occur seasonally at Great Sippewissett Marsh, Massachusetts. Small changes in the dissolved iron concentration in porewater represent only a small fraction of the iron involved in transformation reactions during the year. During the growing season, salt marsh grasses oxidize the sediment, and a large percentage of sedimentary pyrite is converted to an oxidized iron mineral. .Over the fall and winter there is a net increase in pyrite as the grass is anaerobically decomposed.
In salt marshes of the eastern United States, 50-90% of the production of the dominant grass, Spartina alterniflora, occurs belowground as roots and rhizomes (Valiela et al. 1976; Smith et al. 1979; Pomeroy and Wiegert 198 1) . Most of this does not accumulate, but is decomposed anaerobically by sulfate reduction and associated fermentation reactions. The rate of sulfate reduction varies seasonally and can be extremely high (Howarth and Teal 1979; Howarth and Giblin 1983; Howarth and Hobbie 1982) . Sulfide produced by sulfate reduction can affect marsh productivity (Morris 1980; Mendelssohn 198 1; King et al. 1982) , energy flow (Howarth and Teal 1980) , and trace metal transport (Boulegue l Financial support was provided by NSF grants DEB 78-03557 and DEB 81-04701, NOAA office of Sea Grant 04-8-MOI-149, and by the University of Gcorgia Marine Institute. Part of a thesis submitted by A. Giblin for the Ph.D. degree at Boston University.
2 Present address: The Ecosystems Center, MBL, Woods Hole, Massachusetts 02543. et al. 1982) . The reaction of sulfide with iron to form iron monosulfides or pyrite can modify the effect that sulfide has on marsh processes.
One way to examine these interactions is by changes in porewater chemistry, which are sensitive indicators of diagenetic processes within sediments. When the quantitative relationship between several porewater constituents is known, a mass balance approach can be used to elucidate the reactions involved (Sholkovitz 1973) .
To examine the dynamics of the iron cycle in marshes, we measured porewater concentrations of dissolved iron throughout the year in stands of short Spartina altern$ora in Great Sippewissett Marsh, Massachusetts. We also measured other constituents which were produced by sulfate reduction or which could control or compete with iron precipitation.
These components included sulfides, thiosulfate, polythionates, alkalinity, manganese, carbonate, phosphate, ammonium, pH, chlorinity, sulfate, and sili-47 cate. We used porewater data to calculate free ion activity products for selected mineral phases and compared them to thermodynamic solubility constants to evaluate the possibility of mineral precipitation or dissolution in marsh sediments. Measured rates of sulfate reduction (Howarth and Teal 1979; Howarth and Marino in press) and estimates of water infiltration (Howarth et al. 1983 ) were used to calculate the expected porewater composition at a given depth and this was compared to the observed composition to estimate the importance of oxidation reactions in these sediments.
Pyrite is also a major end product of sulfate reduction in marshes on Sapelo Island, Georgia. We compare the results which were obtained at Great Sippewissett Marsh to the marshes on Sapelo Island where the bulk sediment characteristics and sulfate reduction rates are quite different (Howarth and Giblin 1983) .
The data from both marshes are used to test three hypotheses: in marshes pyrite is formed directly and not by conversion from FeS since the solubility product of pyrite is always exceeded while the solubility product of amorphous FeS usually is not; although pyrite synthesis occurs in sediments throughout the year there is a large net oxidation of pyrite during summer when the grasses are most active; and most of the iron released by pyrite oxidation remains in the sediment and is not lost by tidal flushing as soluble iron.
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Methods
Sampling-Cores for porewater samples were taken from stands of short Spartina alterniflora in Great Sippcwissett salt marsh and Sapclo Island. Sediments at Great Sippewissett were composed primarily of peat, but samples taken on the western side of the marsh closer to the barrier beach contained some sand, were nearly twice as dense as those from the eastern part of the marsh, and had a lower pH (Table 1 and Howarth et al. 1983) . Replicate cores were taken at each site monthly from March to December 198 1, sometimes more frequently.
We sampled porewaters from three marsh sites on Sapelo Island during November 198 1. These sites have also been described earlier (Howarth and Giblin 1983) . Two of these marshes are in the Duplin watershed: the Airport marsh and the Kenan Field marsh. The third site was located in Laughing Gull marsh (also called Teal's marsh), to the SSE of the Marine Institute Laboratory. Three to five cores were taken at each of the Sapelo sites over a Z-week period. The data from Laughing Gull marsh and the Kenan Field marsh were very similar and were later pooled (LG/KF site). The measured by Gran titration as described by organic content of the sediments from Sape-Edmond (1970) . Two milliliters of 0.28 M lo marshes was much lower than that of NaCl were added, and the sample was tiSippewissett sediments (Table 1) . trated with 0.01 N HCl in 0.28 M NaCl. Cores were kept at ambient temperature, returned to the lab within 1 h, and extruded. pH was immediately measured at 2-cm intervals using a Corning punch-in electrode with a separate double-junction reference electrode. Interstitial water was removed anoxically from 5-cm-long sections with a modified Recburgh squeezer operated with argon (Reeburgh 1967). The water was pressed directly into a syringe and immediately filtered through a Swinnex adapter containing a 0.45pm membrane filter into a second syringe. The squeezer and filtering apparatus have no metal parts. The usual depths sampled at Great Sippcwissctt were 2-7, 10-l 5, and 18-23 cm, although deeper sections were sampled irregularly. Depths sampled at Sapelo Island were 1-6, 6-l 1, 1 l-16,16-2 1, and 2 l-26 cm. Porewater was subsampled at each depth for chemical analysis. Other cores were analyzed for dry density, water content, and organic content (Howarth and Giblin 1983; Howarth et al. 198 3). Relative permeability was measured by timing the drop in water level in a core tube driven into the ground with a 30-cm head (Howes et al. 198 1) .
Chloride was measured coulometrically with a Buchler and Cotlove chloridometer. Samples were left in a closed vial with air in the headspace for several days to allow the sulfides to oxidize before measurements were made.
The phosphate method of Murphy and Riley ( 1962) was modified to minimize sulfide interference. Typically a 1 .O-ml sample was diluted with 4 ml of distilled water, vigorously shaken several times over 30 min to oxidize the sulfides, and stored at 4°C for no more than 4 h. One milliliter of mixed reagent was added to the sample and the color was read at 7 10 nm after 10 min.
The method for ammonium analysis was adapted from Scheiner (1976) . A 0.75-ml sample was diluted with 4.25 ml of distilled water, shaken, and the sulfides allowed to oxidize for 30 min. Two milliliters of nitroprusside buffer were added, the sample swirled, and then 3.0 ml of oxidizing reagent were added. After 45 min the absorbance at 635 nm was measured.
Analylical methods-Routinely measured were pH, alkalinity, Fe, Mn, total soluble sulfides, total COZ, phosphate, ammonium, chloride, silicate, borate, thiosulfate, and total soluble reduced sulfur (which includes H$, polysulfides, polythionates, sulfite, and thiosulfate). Thiosulfate, total reduced sulfur, and total CO, were measured only at Great Sippewissett. Sulfate was measured at Sapelo Island and in some, but not all, Great Sippewissctt samples. Except for the small sample volumes and our precautions to prevent oxidation, most of the methods were adaptations of those commonly used. Sulfur methods and data are discussed elsewhere (Howarth 1978; Howarth et al. 1983; Howarth and Giblin 1983) .
Silicate and borate were measured by adding 0.5 ml of sample to 1.1 ml of distilled water in a small polyethylene vial. Samples were stoppered and stored for up to 2 weeks before analysis. A 0.1 -ml subsample was then placed in a 20-ml scintillation vial for borate analysis and silicate determined in the rest of the water (Strickland and Parsons 1972) . Borate was analyzed by adapting the method of Grinstead and Snider (1967) to the small sample size. We added 1.5 ml of curcumin solution to each vial followed by 1.5 ml of sulfuricacetic acid mixture. After 30 min, 15 ml of ammonium acetate-acetic acid solution were added, and the absorbance was read at 550 nm.
One milliliter of sample was put in a smalldiameter plastic vial and a combination electrode placed in the vial to check the pH against the value obtained with a punch-in electrode in the core. Alkalinity was then A l.O-ml subsample for total COZ was transferred from the syringe containing the filtered interstitial water directly into a glass syringe. The sample was then injected through a septum into a small glass vial, and 0.5 ml of 0.225 N H,SO, in 10% formaldehyde was then injected. Samples were shaken, and after an hour the CO, in the defined by A 1 .O-ml sample of filtered porewater was removed for iron and manganese determination. The sample was placed directly into a small acid-leached polyethylene vial containing 1 ml of a 2% ascorbic acid and a 2% HCl solution in distilled water (Hydes 1980) . Samples .for metal analysis were then injected directly into a Perkin Elmer 403 atomic absorption spectrometer with a 2 100 graphite furnace. A deuterium lamp was used for background correction and graphite tubes were tantalum treated (Zatka 1978) . Standards were run in the same acid-salt matrix. This method gives the total dissolved (0.45-PM filtered) Fe and Mn content of the -sample.
Calculation of porewater equilibrium compositionPossible mineral saturation was analyzed by calculating ion activity products (IAP) and by using the computer equilibrium model MINEQL (Westall et al. 1977; Morel and Morgan 1972) . The possible errors and advantages of each method are discussed below.
where a represents the activity of a species in solution and y is an activity coefficient used to correct the concentration data to activity. For a porewater solution at equilibrium with a metal carbonate mineral, the IAP will equal the solubility product (KS,) of the metal carbonate mineral. Carbonate ion concentration was calculated from pH and CO2 and corrected for temperature and salinity using the first and second dissociation constants (K', and K2) of Mehrbach et al. (1973) . When total CO2 was not measured, it was calculated from alkalinity after correcting for the contribution of sulfide, borate, silicate, ammonium, and phosphate. Activity coefficients and Ksp values were taken from the literature (Table 2 ).
Possible saturation of iron and manganese sulfides and carbonates was determined by calculating ion activity products for each sample. Corrections were made for ionic strength, but the effect of complexation by other ligands was not always conSimilar methods were used to calculate the IAP of metal sulfides. Since the second dissociation constant of H2S is not well known it has been suggested that calculations of IAP be based on the reaction of the metal with the bisulfide ion (Goldhaber and Kaplan 1975; Davison 1980 where (H')* is calculated from pH measured on the NBS pH scale. The solubility product for a metal sulfide using this convention is given by the &NBS of the metal sulfide mineral. The pK', of H2S was corrected for temperature and salinity (Goldhaber and Kaplan 1975) . Activity coefficients and &NBS values were taken from the literature ( Table 2 ).
Samples that seemed close to or at saturation with metal minerals were then also evaluated with MINEQL (Westall et al. 1977; Morel and Morgan 1972) , which solves a set of simultaneous nonlinear cquations whose parameters are set by thermodynamic equilibrium and mass balance constraints. This allowed us to consider the effect of complexation by other ligands and to consider other minerals such as metal phosphates. In addition to the measured porewater constituents, we used calculated values for Ca, Mg, K, Na, I, Br, and F for the model. We assumed that these constituents, which were not measured, were conservative relative to chloride. Sulfide data were used to calculate pE, which was then used for redox calculations by MINEQL. The outcome of equilibrium models is sensitive to the thermodynamic constants used (Nordstrom et al. 1979) . We altered critical constants used by the model to reflect the most recently accepted values, including the mineral Ksp values given in Table 2 . In order to use the model it is necessary to include 'a pK2 for H2S. We set pK2 = 16.0, which falls in the range suggested by Ellis and Giggenbach (197 1) and is consistent with values recalculated from Berner (1967) . The ion pair MnHCO, + was omitted since the constant is poorly known and its importance has been questioned (Postma 198 1) .
In most marine systems iron monosulfides are thermodynamically less stable than pyrite but apparently their formation is kinetically favored over it (Berner 1970; Goldhaber and Kaplan 1974) . To USC an equilibrium model to determine if monosulfides would be expected to precipitate in marsh porewater, we had to run MINEQL with pyrite present and absent.
Results and discussion
Great Sippewissett sites-There were pronounced differences in porewater composition between the two Great Sippewissett sites. The western site was more acidic near the surface, and the differences in pH were most extreme in summer when the pH at 5 cm in sediments from the western site was well below 5 ( concentrations were almost always higher at the western site, and the differences between sites were most pronounced at 5 cm (Figs. 2, 3 ). Iron concentrations near the surface at both sites tended to be highest in summer.
Phosphorus concentrations in the porewater were similar at the two sites except at 20 cm, where concentrations were signihcantly higher in the western site (Fig. 4) . Dissolved silica and ammonium were always higher at the sandier, western site (Figs. 5, 6) . Chloride concentrations at both sites were similar and relatively constant throughout the top 20 cm of the cores. Normally there was < 5% difference between the top and bottom of the cores. Groundwater input is relatively unimportant at these sites, although there are areas of Great Sippewissett where groundwater intrusion into the sediments is considerable . Ion activity products (IAP) were calculated to see if porewaters were saturated with respect to iron or manganese sulfides or carbonatcs. Some of the possible minerals, such as siderite (FeCO,) , rhodocrosite (MnCO,), and pyrite (FeS,) can exhibit slow precipitation kinetics, and porewater solutions strongly supersaturated for these minerals have been reported (Postma 198 1; Lord 1980) . Demonstrating saturation or supersaturation for minerals with slow precipitation kinetics does not prove that the mineral is present in the sediment. However, when calculated IAP values fall well below saturation, it can be taken as strong evi- nawite was exceeded at the eastern site. The solubility product for greigite was exceeded at the western site during four of the sampling periods. Both sites reached saturation for amorphous FeS in fall at 20 cm. Calculations using MINEQL reached very similar values. IAP values for iron monosulfides calculated using MINEQL tended to be slightly lower so that saturation for amorphous FeS was never reached.
Studies from Great Marsh, Delaware, also showed that all porewater samples were supersaturated with respect to pyrite (Lord 1980; Boulegue et al. 1982) . This is consistent with bulk sediment analyses which show that pyrite is a major chemical component in marsh sediments (Howarth and Teal 1979; Howarth and Giblin 1983; Lord 1980; and radiotracer studies which show that FeS, forms rapidly in marsh sediments (Howarth 1979; Howarth and Giblin 1983) . Lord (1980) examined pyrite and FeS concentrations in sediments from Great Marsh and suggested that FeS forms in the top 10 cm and is completely converted to pyrite by 15 cm. In Great Sippewissett Marsh pyrite accumulates in the sediment during winter and spring even in the top 10 cm where iron monosulfides are considerably undersaturated in the porewater, so pyrite formation cannot be a result of a conversion of FeS to Fe&. The rapid formation of pyrite is instead probably a result of oxidizing activity which favors the formation of polysulfides and elemental sulfur. Iron can then directly react with polysulfides to form pyrite, as has been proposed by Rickard (1975) :
Fez+ + S,S2-+ HS-= FeS, + S,S2-+ H+.
Support for this mechanism of pyrite formation comes from sediment analysis which shows that pyrite occurs at Sippewissett predominately as small single crystals . Single crystals are believed to arise when pyrite forms rapidly (Rickard 1975) whereas framboidal pyrite results from the reaction of iron monosulfides and elemental sulfur (Goldhaber and Kaplan 1974) . This mechanism is also consistent with bulk sediment data from Great Sippewissett which shows that FeS is usually found in sediments in concentrations X50.5 pmol S-g-l dry wt (Howarth and Teal 1979) . This mechanism may also be important in Great Marsh, since Lord's (19 80) data show that appreciable quantities of pyrite are sometimes found in the top 10 cm of the sediment.
Comparison with Sap&o Island sitesPorosity, relative permeability, and organic matter content of sediments from Sapelo sites were all significantly lower than those at Sippewissett sites (Table 1) . The large pH differences between sites at Great Sippewissett also occurred at Sapelo Island marshes. The pH values at 5 cm in Laughing Gull and Kenan Field marsh (LG/KF site) were between 6.6 and 7.0. The pH of the Airport marsh sediment was much lower, ranging from 5.3 to 6.1 (Fig. 9) . Overall, pH values of the Sapelo samples in November tended to be slightly higher than average values at Sippewissett during fall (Fig. 9) .
The relationships between pH and Fe, Mn, and sulfide concentrations were similar at Sippewissett and Sapelo. In each location the more acidic site had higher Fe and Mn concentrations and lower amounts of sulfides in the porewater than nearby sites where pH was higher (Fig. 9) . Soluble iron values at Sapelo Island were within the range measured at Great Sippewissett during the same time of year (Fig. 9) . At locations of similar pH, manganese concentrations at Sapelo were higher and sulfide concentrations lower than those at Great Sippewissett (Fig. 9) .
To compare the oxidation-reduction intensity of the more and less acidic sites at both marshes, we calculated pE using the redox couple: H2S = So + 2H+ + 2e-. Berner (1963) demonstrated that this reaction controls the measured potential on a platinum electrode in many sulfide-bearing sediments. The acidic sites at both Sapelo and Sippewissett are considerably more oxidized at the surface (Fig. 10) . This is consistent with the hypothesis that these sites have been made acidic by the oxidation of H2S and metal sulfides (Gardner 1973) . The lower sulfide and higher iron concentrations in the porewater also support this hypothesis. There is no significant difference between the ranges of pE values at the two marshes.
Concentrations of silica, phosphorus, and ammonium near the surface were similar at all stations (Fig. 11) . Silica, phosphorus, and CO2 values were significantly higher at Sapelo Island marshes below 6 cm. Ammonium values at Sapelo tended to be higher at depth than at Sippewissett, but the difference was not significant. There were no significant differences in Si or total CO2 among the Sapelo marshes, but phosphorus values were significantly lower at Airport marsh than at the LGKF site.
Because total C02, pH, and phosphate are greater in Sapelo marshes than at Sippewissett, we tested porewaters to see if metal carbonates or phosphates could be important in controlling porewater composition. Ion activity products of (Fe2+)(COJ2-) and (Mn2+)(COJ2-) were higher at Sapelo than at Sippewissett (Fig. 12) , but nevertheless the porcwaters from Sapelo marshes were undersaturated for metal carbonate minerals. Saturation with respect to iron and manganese phosphates is difficult to determine since they may occur as solid solutions whose thermodynamic properties are unknown (Postma 198 1) . Pure vivianite, Fe3(P0J2, and reddingite, Mn3(P0J2, are undersaturated in the porewater of all the marshes although IAP values are considerably higher at Sapelo. Lord (1980) found evidence for solid Mn phases in Great Marsh even though MnS, MnCO,, and Mn3(P0J2 were undersaturated. He proposed that either MnHP04 or a mixed Mn-metal phosphate controlled Mn concentrations at depth. Such reactions may also control the Mn concentrations at Sapelo, since Mn concentrations decline with depth. However it is also possible that the profiles are generated by diffusion or exchange reactions. The porewaters were undersaturated with respect to MnS (Fig. 12) , so control by alabandite is not possible.
Saturation with respect to iron sulfide minerals was similar at Sapelo and Sippewissett. Sites with low pH values near the surface (western and Airport sites) were undersaturated for all iron sulfides except pyrite (FeS,) at 5 cm (Fig. 12) . Saturation with respect to greigite and then mackinawite was reached deeper in the sediment in both marshes. Where the pH near the surface was higher (eastern and LGKF sites), IAP values were greater; below 5 cm saturation with respect to greigite was exceeded in all samples. Oshrain (1977) found that FeS concentrations in sediments from short Spartina sites at Sapelo were higher than at Great Sippewissett but still quite low, ranging from 3 to 12 pmol S mg-l dry wt. Since short term radiotracer measurements showed pyrite was being formed at 5 cm in Sapelo marshes (Howarth and Giblin 1983) , where FeS minerals were undersaturated, we infer that polysulfides and iron are reacting directly to form pyrite in these sediments. As at Sippewissett, pyrite in the sediments at Sapelo Island occurs primarily as small sin- Table 2. gle crystals ) so most of the pyrite is probably formed rapidly and directly there as well.
Comparison with submerged sedimentsAn interesting difference emerges when iron sulfide equilibria from these marshes are compared to those from lake or marine subtidal sediments. In marshes the (Fe2+)(HS-)/ (H+)* IAP generally increases with depth. Marsh sediments closest to the surface may reach saturation with respect to greigite only at some times of the year. Deeper samples reach saturation with respect to mackinawite, and some of the deepest samples reach saturation with respect to amorphous FeS. This sequence was also observed at Great Marsh (Lord 1980; Boulegue et al. 1982 ). This sequence is the opposite of that in lake sediments where near-surface samples are in equilibria with amorphous FeS, and deeper samples reach equilibria with mackinawite and finally greigite (Emerson 1976; Cook pers. comm.) . Calculations for highly reduced subtidal marine sediments often also indicate that amorphous FeS is saturated or supersaturated near the surface (Murray et al. 1978; Duchart et al. 1973; Presley et al. 1972) .
The difference between marshes and subtidal sediments is probably related to the higher delivery of oxidants to salt marsh sediments. Although continuously submerged sediments may occasionally be flushed by storm events, oxygen normally enters the sediments only by diffusion and the actions of benthic animals (Aller 1978) . In lake and subtidal marine sediments, the oxidation of sulfides to form polysulfides and elemental sulfur may be primarily limited to slow reactions with detrital iron oxide minerals. Pyrite formation in these systems will be slow because of the limited availability of So and polysulfides, and metastable equilibrium with increasingly less soluble iron monosulfides will be observed with depth in the sediment. Table 3 . Calculations for production and consumption of porewater constituents by sulfate reduction and sulfide oxidation. For the calculations, we assumed that there was no sulfate reduction in the top 1 cm and that incoming seawater had an alkalinity of 2.3 meq. Water infiltration was calculated to be 1.8 cmad-' (Howarth et al. 1983 ). The sulfate reduction rate fell off exponentially with depth from 3.7 PM S042-.cm-3.d-1 at l-2 cm to 1.32 PM at 4-5 cm (Howarth and Marino in press In contrast, S. alternzflora (Teal and Kanwisher 196 1; Carlson and Forest 1982; Gleason and Zieman 198 l) , exposure to the atmosphere, and infiltration by tidal water all serve to deliver oxidants to marsh sediments. These oxidants can react with sulfides to produce various oxidized and partially oxidized sulfur compounds such as polysulfides. We suggest that in marshes polysulfides are readily available in the upper portions of the sediments and pyrite forms directly, as proposed by Rickard (1975) , without the need for FeS intermediates. The calculations below and data from Lord (1980) indicate that sulfide oxidation rates in marshes can be extremely high. The IAP probably increases with depth as polysulfide availability becomes the rate-limiting step in pyrite formation.
Calculation of pyrite oxidationSulfate reduction generates two equivalents of alkalinity for every mole of sulfate reduced (Berner et al. 1970) :
The production of alkalinity during sulfate reduction acts as a buffer and the pH of interstitial waters from isolated anoxic marine sediments should fall in the range of 6. 9-8.3 (Ben-Yaakov 1973) . The pH of the interstitial waters near the surface of the sediment at all our study sites is frequently below this theoretical limit, and values are lowest in summer (Fig. 1) . The low pH of many marsh sediments is probably due to the oxidation of sulfides which generate acidity (Gardner 1973) . The acidity produced by sulfide oxidation serves to titrate the alkalinity produced by sulfate reduction, so that the alkalinity of porewater can be used to estimate sulfide oxidation when sulfate reduction rates are known. Since the acidity produced by sulfide oxidation will vary depending on the products produced, it is necessary to look at a number of porewater constituents to identify and eliminate possible reactions. Using the porewater exchange rates (Howarth et al. 1983 ) and sulfate reduction rates (Howarth and Teal 1979; Howarth and Marino in press ) measured at Sippewissett sites and Eq. 1, we calculated the "expected" porewater composition at 5 cm in the sediment during August in the fides being oxidized to sulfate could be either soluble sulfides, absence of sulfide oxidation (Table 3, line  4. This expected porewater com-H2S + 202 = SOd2-+ 2H+,
position is quite different from the composition observed at these sites (Table 3, b) . Most reactions other than sulfide oxidation which could alter the porewater composition can be ruled out. Precipitation of carbonates can be ignored since carbonate minerals are undersaturated in the porewater. Alkalinity could be almost completely accounted for by summing the contributions from C02, H2S, borate, and phosphate, so the contribution of organic acids was negligible. Water infiltration rates in Great Sippewissett Marsh are high enough so that differential diffusion of dissolved components, as discussed by Berner (1977) , does not affect the results. That is, in sediments where the molecular diffusion coefficient (D,) is much smaller than the product ofthe interstitial water flow velocity (U) and the distance of migration (L), flow and not diffusion dominates the redistribution of porewater components (Berner 1980) . D, for the components of interest falls in the range of loo-150 cm2.yr-I. The product of the infiltration rate (U = 1.8 cm. d-l) and the distance of travel (L = 5 cm) exceeds 3,280 cm2. yr-1 at Great Sippcwissett.
or metal sulfides, FeS, i-7/202 -t-H20 = Fe2+ + 2SOd2-+ 2H+ .
To calculate the amount of sulfide oxidation, we must consider the possible contribution of several reactions. Sulfides can be oxidized to sulfate or to various partially oxidized compounds like sulfite, thiosulfate, polysulfides, or polythionates. At Sippewissett, thiosulfate is the only partially oxidized sulfur compound present in significant amounts (Howarth et al. 1983 ) although small amounts of polysulfides are present (Luther unpubl.) . The oxidation of sulfide to thiosulfate removes sulfide and generates acidity:
If we assume that all the H2S produced by sulfate reduction is either oxidized or present in the porewater, we can calculate the oxidation of metal sulfides by difference. In fact, much of the H2S is not oxidized but precipitated as FeS, so this calculation yields the net oxidation of metal sulfides rather than the total. Probably pyrite oxidation and sulfide production occur in different microzones in the sediment and the soluble iron produced is quickly reprecipitated as pyrite, but this will not change the net sulfate : H+ ratio.
The amount of H2S oxidized to sulfate is calculated from the difference between the observed and expected H2S concentration (Table 3 , e) after subtracting out the amount of H2S oxidized to produce thiosulfate (Table 3, d). The acidity generated by the oxidation of H2S alone is not enough to account for the observed alkalinity (Table 3,  g ). This indicates that metal sulfides are also being oxidized.
If the alkalinity budget is balanced by the mechanism proposed in Eq. 6, a substantial amount of soluble iron would be generated. Such high Fe concentrations are not found in the porewater (Fig. 2) . Oxidation of pyrite to an oxidized iron mineral such as goethite (HFeO,) would account for the lack of soluble iron in the porewater. In addition, the oxidation of pyrite to goethite, FeS, i-1 5/402 i-5/2H20 = HFe02 + 2SOd2-+ 4H+, The obse,rved sulfate depletion in the fate than the oxidation of pyrite to soluble porewaters at Sippewissett is less than pre-iron (Eq. 6). Iron framboids which do not dieted from the observed rates of sulfate contain sulfur have been observed in our reduction and water infiltration (Table 3 , c), suggesting that reoxidation of sulfides to sulsediment , proving that fate may also be taking place (Howarth and oxidized iron minerals coexist with pyrite in the marsh. Using this approach we see Teal 1979; Howarth et al. 1983 ). The sul-that the data indicate that large amounts of If we assume that all the acidity produced in the porewater is generated by these reactions, some sulfate is unaccounted for in the porewater (Table 3 , i). This may well be caused by an unusually high variance in these sulfate determinations, later found to be caused by etching of the glassware by the NH,OH used in the procedure (it can be corrected easily by periodically switching to new glassware: Howarth and Marino in press). It is also possible that the sulfate not accounted for results from some mechanism that we did not consider. Carlson and Forrest (1982) have suggested that sub&an-tial quantities of sulfides diffuse into the roots and rhizomes of Spartina where they are oxidized. The resulting sulfate may be excreted through the salt glands on the leaves. Carlson and Forrest believed that the sulfides are taken up as gaseous H2S; it would be necessary for the plants to release the acidity generated by oxidation into the porewater in order to balance the alkalinity. This is certainly possible and deserves further study.
The total oxidation of soluble and metal sulfides in the marsh exceeds 2 mM *d-l (Table 4 , d and e). The calculated net oxidation of FeS, corresponds to a pyrite oxidation rate of 0.48-0.79 r.LM.g-l dry wtad-l (Table 4 , f). Assuming that the rate is constant over summer gives a seasonal loss of 0.06-o. 10 mM.g-' dry wt (Table 4, g ). This corresponds reasonably well with a set of measurements made on bulk sediment during a previous year, which gave a rate of 0.19 mmol.g-l dry wt FeS, oxidized over summer (Howarth and Teal 1979) . These calculations show that during summer, oxidation of sulfide and FeS, is one of the dominant processes controlling the chemistry of the interstitial water. The rate of pyrite oxidation is high; its actual turnover is probably even greater since pyrite precipitation is proceeding simultaneously with pyrite oxidation in different microzones. The net oxidation of pyrite at the eastern site over the course of summer consumes a major fraction of the total pyrite pool in the sediment. The alkalinity balance and the small change of dissolved iron concentration in the porewater show that this iron is converted to an oxidized iron mineral in the sediment. The net pyrite oxidation rate at the western site is even greater than at the eastern site.
Water flow in Great Sippewissett Marsh may be more complicated than we have assumed; subsurface flow may be dominated by evapotranspiration, resulting in upward flow of groundwater at some times of the year (Hcmond and Fifield 1982) . However, our calculations are not strongly affected by major changes in the infiltration rate provided that infiltration and not diffusion dominates the movement of solutes. This is because the pyrite oxidation rate is corrected for the number of days a water parcel remains between 1 and 5 cm (Table 4, c). If infiltration is decreased, the estimate of sulfide oxidized is increased by the much larger difference between the expected and observed alkalinity generated by sulfate reduction. However, simultaneously the sulfide oxidation per day is decreased by the greater time spent at l-5 cm. The two terms almost cancel.
The total sulfide oxidation rates are quite sensitive to the sulfate reduction rate; lowering the latter by 50% would reduce the former by almost the same amount. In contrast, calculation of the net pyrite oxidation rate is quite insensitive to the sulfate reduction rate since it is constrained by the concentration of sulfide, thiosulfate, and alkalinity in the porewater. Lord (1980) found an intense subsurface oxidation of pyrite during summer in Great Marsh; iron and sulfur were cycled seasonally through oxidized (HFeO,, SOd2-) and reduced (FeS,, FeS, and So) compounds. We cannot do all the same calculations for the Sapelo samples, since the water infiltration rate has not been accurately measured and diffusive fluxes may or may not be important. However, many aspects of the iron geochemistry seem to be similar to those at Sippewissett: pyrite forms rapidly, and the low pH of the sediments shows that sulfides are being oxidized.
by sulfate reduction and substantially lower the pH, the oxidized iron minerals become increasingly soluble, and iron levels in the porewater increase. Iron levels are higher in porewaters from the more acidic sites at both Sapelo Island and Sippewissett. Soluble iron may be lost from the sediment in acidic areas by porewater exchange and the amount of pyrite formed in following years could become limited by the amount of iron in the sediments. This in turn would lead to higher dissolved sulfide concentrations and lower grass productivity.
Conclusions King et al. (1982) proposed that the dissolved and particulate iron brought in by tidal exchange controls the sulfide concentration in salt marsh sediments. In areas where drainage is greater, dissolved iron concentrations arc higher and dissolved sulfide concentrations are lower. Since sulfides inhibit the growth of S. alterniflora (Mendelssohn 198 1; Howes et al. 198 l) , grass growth is greatest in areas of high drainage. Sediments from Sapelo where drainage has been artifically increased show extremely high dissolved iron values and good grass growth (King ct al. 1982) . We propose instead that drainage controls the dissolved iron concentration by increasing pyrite oxidation rather than by increasing the delivery rate of iron in tidal waters as suggested by King et al. (1982) . The amount of iron cycled through oxidized and reduced forms is much greater than the amount brought in by tidal flushing. This would also explain why the addition of dissolved iron to salt marsh sediments does not have a measurable effect on grass growth (Haines and Dunn 1976; Giblin et al. 1980) .
The dynamic equilibrium between pyrite and the oxidized iron minerals is probably not maintained in all years or at all localities. The pH values from the eastern site at Sippewissett indicate that for much of the year in which we made our measurements there was a net sulfide oxidation in the sediments. When oxidation rates are high enough to neutralize the alkalinity produced
The iron cycle at Sippcwissett is dynamic and the small seasonal changes of iron in the porewater represent only a small fraction of the iron turned over during the year. Although pyrite is continuously being formed over the growing season, a large net conversion of the sedimentary pyrite to an oxidized iron mineral occurs in the sediments. Over fall and winter, the pyrite concentration in the sediments increases again as synthesis of pyrite exceeds oxidation (Howarth and Teal 1979) .
Rapid pyrite formation in marshes seems also to be related to this sediment oxidation. The oxidation of sulfides forms polysulfidcs which can react directly with iron to form pyrite. This mechanism of pyrite formation is considerably faster than the conversion of FeS and elemental sulfur to pyrite.
